Streptococcus pneumoniae (Spn) is a common respiratory pathogen and a frequent cause of acute otitis media (AOM) in children. The first step in bacterial pathogenesis of AOM is the establishment of asymptomatic colonization in the nasopharynx. We studied Spn bacterial burden in conjunction with neutrophil recruitment and inflammatory gene transcription and cytokine secretion in samples of nasal wash collected from normal and otitis-prone children during health, viral upper respiratory infection without middle ear involvement (URI) and AOM. We found no significant associations between otitis-prone status and any of the measured parameters. However, Spn bacterial burden was significantly correlated with neutrophil recruitment, transcription of IL-8, TNF-a and SOD2, and secretion of TNF-a. We also found that transcription of IL-8 and TNF-a mRNA by neutrophils was significantly correlated with the secretion of these cytokines into the nasopharynx. We conclude that Spn bacterial burden in the NP is a major determinant of neutrophil recruitment to the NP and activity during URI and AOM, and that neutrophils are contributors to the secretion of IL-8 and TNF-a in the NP when the Spn burden is high.
Introduction
In the first few years of life, infants and young children experience very frequent upper respiratory infections (URIs). Among these, acute otitis media (AOM) is one of the most prominent, responsible for widespread antibiotic prescription and pediatric surgery with a total economic burden estimated at US$3-5 billion annually in the USA. [1] [2] [3] Approximately one-third of cases of AOM is caused by Streptococcus pneumoniae (Spn), while Haemophilus influenzae, and/or Moraxella catarrhalis are responsible for most of the remainder. 4 Spn and other otopathogens are frequently encountered as asymptomatic colonizers of the human nasopharynx (NP). 5, 6 These transient episodes of colonization are cleared in a matter of days to weeks by a mild inflammatory response spearheaded by neutrophils and supported by Th17 immunity. 7, 8 Asymptomatic colonization is generally an immunizing event, contributing to the development of Spn-specific adaptive immunity. 9 However, viral co-infection during a colonization episode induces remodeling of the NP, permitting Spn to reach a pathogenic inoculum and invade the middle ear through the Eustachian tubes. Virtually all episodes of AOM are precipitated by viral co-infection during bacterial colonization, most commonly respiratory syncytial virus and influenza. 10, 11 Approximately 10% of children are otitis prone, suffering from frequent, recurrent episodes of OM associated with both environmental and immunologic risk factors. [12] [13] [14] The progression of inflammation in the NP during pathogenesis of AOM is an area of great interest. Infection by respiratory viruses has been shown to increase nasopharyngeal colonization by potential otopathogens in human children. 15 Murine studies found an important role for signaling through TLR2 and TLR4, where mice lacking these receptors experienced impaired bacterial clearance from the NP and delayed recovery associated with reduced neutrophil and macrophage recruitment. 16 A transcriptomic analysis of murine otitis media identified four distinct programs of inflammatory gene transcription activated at different time points during the 3 days following infection. 3 In a separate study, neutrophil recruitment and myeloperoxidase activity were found not only to promote Spn killing in the middle ear, but also increased inflammatory tissue damage, 17 indicating that inflammation must be carefully controlled during the course of an AOM episode. Although the nasopharyngeal bacterial burden of Spn and M. catarrhalis has been observed to correlate with AOM disease severity, 18 limited information is available on the dynamics of inflammation in the NP during AOM in humans.
The primary question of interest was the nature of the inflammatory host-pathogen relationship during Spn colonization and pathogenesis in the NP. To study this, Spn bacterial burden and host inflammatory factors were quantified during health and viral URI with or without concurrent asymptomatic Spn infection, and when AOM caused by Spn occurred concurrently with a viral URI. Direct measurements of inflammation in the human NP have been hampered by the lack of an effective means of quantifying neutrophil recruitment. We recently described a novel method for measuring neutrophil content in nasal secretions by PCR. 19 By applying this method to pediatric NP samples collected during health, viral URI without progression to AOM and viral URI with progression to AOM during colonization by Spn, we were able to measure and compare the influence of NP bacterial burden and physiological state on signals of local NP inflammation, including neutrophil recruitment and transcription and secretion of various innate immune cytokines.
Materials and methods

Sample collection
Samples were selected from a repository accumulated since 2006 under an ongoing prospective study of otitis media in Rochester, NY, USA approved by the institutional review board of Rochester General Hospital. Samples were selected from an ongoing prospective study of AOM conducted in Rochester, NY, USA, since 2006. The study population currently contains 861 children, of whom 68 meet the clinical criteria for otitis proneness. All children were followed prospectively from the age of 6 to 36 mo, with samples collected at regular healthy visits and during respiratory infections, including AOM, for a total of 4546 visits. We selected samples from non-otitis-prone and otitisprone children aged 7-26 mo (median 13.3, IQR 10.7-15.8) during regularly scheduled healthy check-ups ('healthy' visits), viral URIs without middle-ear involvement ('URI' visits) or acute otitis media ('AOM' visits). AOM was diagnosed by pneumatic otoscopy according to the presence of tympanic membrane bulging, effusion behind the tympanic membrane, and reduced or absent tympanic membrane mobility; each AOM diagnosis was confirmed by microbiological culture of middle-ear fluid collected by tympanocentesis as previously described. 2 Children were classified as otitis prone if they experienced at least three confirmed episodes of AOM within a 6-mo period or 4 within 1 yr. Samples were further subdivided according to whether or not Spn was isolated by microbiological culture from the NP (the allocation of samples is described in Table 1 ; a total of 98 samples were analyzed in this report). Fresh nasal wash samples were collected from children by instillation and immediate aspiration of 3 ml PBS. Shortly after collection, samples were spun at 1700 g for 10 min. Supernatants were immediately reserved and frozen at À80 C. Cell pellets were stored at À80 C in 1 ml TRI Reagent (Sigma, St. Louis, MO, USA).
RNA isolation and RT-qPCR
RNA was extracted from nasal wash cell pellets in TRI Reagent (Sigma) by chloroform extraction and alcohol precipitation as previously described. 19 RNA samples were resuspended in 30 ml UltraPure nuclease-free water (ThermoFisher, Waltham, MA, USA). cDNA was prepared using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. cDNA was used to perform qPCR with a SYBR Select master mix (Applied Biosystems). Reference genes were GAPDH and 18S rRNA. Neutrophil recruitment was measured according to the mean CT value of CD16, CD18 and CD62L as previously described. 19 Samples were classified as Spn-positive or Spn-negative based on microbial culture. Following this, Spn was quantified by PCR. Spn bacterial burden in the NP was measured by amplification of lytA as previously described. 20 Inflammatory genes measured were ARG1, CXCL1, IL6, IL8, SOD2 and TNF (all primer sequences in Table 2 ).
Cytokine detection
Cytokines and total protein concentrations were measured in the supernatant of nasal wash samples after 
Statistics
All statistics were performed using R version 3.1.1. 21 Linear models were constructed to describe dependent variables (neutrophil count, mRNA and cytokines) from all subjects as functions of independent variables (physiological state, Spn CFU bacterial burden and otitis proneness): total protein concentration was included as a covariate for protein analytes. Independent variables with P-values < 0.05 after Benjamini-Hochberg adjustment for multiple comparisons (false discovery rate ¼ 5%) were judged to significantly affect the dependent variables. Measurements of bacterial burden were transformed by the inverse hyperbolic sine function (asinh) to include 0 values. Gene transcription and protein measurements were transformed by Box-Cox using the implementation in the MASS package of R. 22 Asymptomatic colonization rates in the whole population were compared by Pearson's 2 test. Figures were prepared using the ggplot2 package in R. 23 All subjects were analyzed for every analyte. Tables of effect sizes from the linear models are shown in the results.
Results
Neutrophil recruitment and bacterial burden in the NP during health, URI and AOM
To study the effects of disease state (health, URI or AOM) on bacterial burden and inflammation, we measured Spn bacterial burden and neutrophil count in nasal wash samples. Spn was quantified using qPCR of the lytA gene, 20 and neutrophil counts were obtained by RT-qPCR of CD16, CD18 and CD62L. 19 All AOM samples were necessarily pathogen positive, but we further subdivided healthy and URI visits on the basis of Spn culture positivity in the NP. Spn-negative samples selected for study grew no otopathogenic bacteria (including Spn, H. influenzae and M. catarrhalis) when cultured and did not amplify lytA during qPCR. We observed no significant differences in Spn burden or neutrophil count between non-otitis-prone and otitis-prone samples (data not shown), so samples were combined for further analysis. In Spn positive samples, URI and AOM illness visits were associated with a significant increase in Spn burden in the NP relative to healthy visits. Spn burden did not significantly differ between URI and AOM samples ( Figure 1 ).
Correlations from a linear model expressing neutrophil count as a function of physiological group (health, URI or AOM) and Spn burden are shown in Figure 2 . After correcting for the influence of bacterial burden, Table 2 . Sequences of primers used for RT-PCR.
Gene
Primer sequences (5 0 -3 0 ) we found neutrophils to be significantly more abundant during AOM compared with health, but URI visits did not show an increase in neutrophil count independent of bacterial burden (Figure 2a ) Neutrophil count was significantly correlated with NP Spn burden during health, URI and AOM ( Figure 2b ). Linear model analysis results are reported in Table 3 . Significant positive coefficients are associated with increased neutrophil count. Since neutrophil count was log 10 transformed for analysis, the coefficient for AOM signifies that neutrophil count is increased by 10 2.788 or roughly 600-fold during AOM. As described in the methods, CFU values were transformed by inverse hyperbolic sin (asinh). Thus, a unit increase in asinh(CFU) signifies an increase of 1.17 in bacterial colonies, and the attached coefficient means that every such increase in Spn burden increases neutrophil count by 10 0.527 or 3.4-fold.
Transcription of inflammatory genes during health, URI and AOM
We next measured the transcription of a panel of inflammatory genes in nasal wash samples. We chose to study IL-8, a well-established neutrophil chemoattractant; 24, 25 arginase-1 (Arg-1), a marker of alternative inflammation involved in tissue repair and inflammatory resolution; 26, 27 superoxide dismutase 2 (SOD2), a critical component of the neutrophil respiratory burst pathway; 28 and the canonical pro-inflammatory cytokines IL-6 and TNF-a. Transcription was first analyzed by a linear model including Spn bacterial burden, physiological state (health, URI, and AOM) and otitis-prone status. Since otitis proneness was not significantly associated with variations in any of the tested genes, it was dropped from the model. Results of comparisons among raw measurements are shown in Figure 3 : IL-8, Arg-1 and TNF-a mRNA were significantly more abundant during AOM, and IL-8, TNF-a and SOD2 were higher during URI. We applied the same approach described above to depict correlations of each analyte with Spn burden and physiological state. After correcting for Spn burden, we found a trend (P < 0.1) for elevated transcription of IL-8 and Arg-1 during AOM relative to health; no other significant differences emerged (Figure 4a ). NP Spn bacterial burden was significantly correlated with transcription of IL-8, TNF-a and SOD2 (Figure 4b ). Linear model analysis results are reported in Table 4 .
Secretion of inflammatory cytokines during health, URI and AOM
Measurements of RNA transcription in nasal wash samples were derived from the cellular pellets obtained after centrifugation, which is predominantly composed of neutrophils infiltrating the NP. 19 Inflammatory responses by the respiratory epithelium are necessary to begin the process of neutrophil recruitment and bacterial clearance. 7 To understand these initial responses, it is necessary to measure the levels of inflammatory cytokines secreted into the NP lumen, in addition to the activation of recruited inflammatory cells. We measured the levels of inflammatory cytokines and chemokines: IL-6, IL-8, RANTES, TNF-a and MIP-1a in the Figure 2 . Neutrophil count is elevated during AOM and correlates with Spn burden in the NP (effects summarized in Table 3 ). supernatant of nasal wash samples. At the same time, we measured the total protein concentration in the supernatants by BCA, to correct for variations in the recovered volume of each sample. All protein analytes were significantly correlated with total protein concentration (data not shown). After correcting for this effect, we found no significant differences associated with otitis proneness. Linear models ignoring the influence of NP Spn burden found significant increases in IL-6, TNF-a and MIP-1a during URI and AOM relative to health ( Figure 5 ). After including Spn burden, levels of IL-6 and TNF-a were significantly elevated during AOM compared with health, and we observed a trend (P < 0.1) for elevated secretion of RANTES, TNF-a and MIP-1a during URI compared with health ( Figure 6a ). Only TNF-a displayed a significant partial correlation with Spn burden (Figure 6b ). Linear model analysis results are reported in Table 5 .
Neutrophil contribution to inflammatory signaling
Since neutrophils constitute the predominant cell type present in NP samples, 19 measurements of RNA transcription in the cell pellets can be attributed largely to neutrophils. In contrast, protein secretion in the supernatants of these samples could come from any cell present in the NP at the time of sample collection, especially epithelial cells. To determine whether neutrophils were meaningful contributors to the levels of inflammatory proteins, we assessed correlations between gene transcription and protein concentration of IL-6, IL-8 and TNF-a. In linear models expressing cytokine secretion as a function of Spn burden, total protein concentration and transcription level of the corresponding mRNA, we found significant correlations between cytokine secretion and mRNA transcription for IL-8 and TNF-a (Figure 7 ). This indicates a potential role for neutrophils in the secretion of inflammatory proteins during an antimicrobial response.
Asymptomatic colonization by otopathogens in non-otitis-prone and otitis-prone children
In our study population as a whole, asymptomatic colonization by one or more of the three main otopathogens (Spn, H. influenzae and M. catarrhalis) is frequently observed. Out of 3147 healthy visits (2800 non-otitis prone, 347 otitis prone), we observed significantly higher incidence of asymptomatic nasopharyngeal colonization by each of the three main otopathogens in otitis-prone children (Figure 8 ).
Discussion
We conducted studies of neutrophil recruitment and inflammation in children during health, viral URI and AOM in the presence or absence of NP colonization by Spn. We found no evidence of dysfunctional neutrophil recruitment or associated inflammatory responses by otitis-prone children, including inflammatory gene transcription, cytokine secretion and bactericidal ROS production by neutrophils. NP Spn bacterial burden appeared to be the predominating influence on the magnitude of neutrophil recruitment and inflammatory cytokine production, explaining much of the variation in inflammatory responses observed between health, URI and AOM. Neutrophils are critical for the control and clearance of bacterial infections, especially Spn. 17, 29, 30 However, their role during viral infection in the absence of bacteria is more complex. 31 Recent murine studies have implicated neutrophils in influenza pathology, 32 but neutrophil-mediated inflammation appears not to be involved in pathology caused by a pneumovirus related to respiratory syncytial virus (RSV; influenza and RSV commonly infect children in our study population). 33 Arg-1 TNFa Figure 4 . Effects of physiological state (healthy, URI and AOM) and Spn burden on inflammatory gene transcription (IL-8, Arg-1, TNF-a, IL-6 and SOD2) in the NP (effects summarized in Table 4 ). Plots show residuals from linear models expressing each gene as a function of Spn bacterial burden or physiological state. (a) Physiological state effects on mRNA transcription in the NP after correcting for the influence of bacterial burden. (b) Spn burden correlations with mRNA transcription in the NP after correcting for the influence of physiological state. Table 5 ). (a) Influence of physiological state on protein secretion after correcting for Spn burden (**P < 0.01). (b) Influence of Spn burden on protein secretion after correcting for physiological state. We observed increases in neutrophil infiltration in the NP of children we studied correlating with the magnitude of Spn burden, regardless of whether patients were currently healthy or suffering from a viral URI. In other words, the apparent increase in neutrophil recruitment during URI (Figure 2) can be attributed to the increase in Spn bacterial burden during URI (Figure 1) , and it is only during the robust inflammatory response associated with an active middle-ear infection that neutrophil recruitment is significantly elevated. The major determinant of neutrophil recruitment to the NP during a viral URI was Spn burden, not the presence of a viral infection as such. We found Spn burden to play a similar role with respect to transcription and protein secretion of various inflammatory genes: apparent differences between measurements taken during health, URI and AOM were, in fact, attributable to the Spn burden in the NP sample. While AOM independently increased neutrophil recruitment and secretion of IL-6 and IL-8, the presence of a viral URI did not appear to significantly increase the expression of inflammatory markers independently of bacterial burden.
IL
The transcription of inflammatory genes followed similar patterns, with IL-8, TNF-a and SOD2 correlating positively with Spn bacterial burden, whereas transcription of CXCL1, a neutrophil chemoattractant, was significantly elevated during AOM. Since neutrophils are the predominant cell type present in nasal wash samples, 19 the bulk of gene transcription can be attributed to neutrophils. These measurements thus constitute a survey of the activation status, as well as the recruitment of neutrophils.
Secretion of inflammatory cytokines, however, can be attributed to any of the cell types present in the NP at the time of sample collection, including epithelial cells and T cells. [34] [35] [36] However, human neutrophils are known to produce inflammatory cytokines in their own right; in particular, IL-8 and TNF-a. 37, 38 We observed that the transcription of IL-8 and TNF-a mRNA in nasal wash pellets (attributable mainly to neutrophils) correlated with the concentrations of these cytokines in the NP. This suggests that neutrophils may be meaningful contributors to the production of these and other cytokines during upper respiratory inflammatory responses. Figure 7 . Relationships between mRNA and protein secretion for IL-6, IL-8 and TNF-a. Statistically significant correlations are denoted as trendlines (IL-6 correlation not significant).
Researchers from our laboratory have previously identified deficiencies in the immune responses of otitis-prone children. Specifically, otitis-prone children display reduced production of specific Abs against Spn, 39 associated with reduced generation of memory T and B cells. 40, 41 As a result, the NP of the otitis-prone child is a more permissive environment for the establishment of asymptomatic colonization by otopathogens ( Figure 6 ), predisposing them to experience more frequent episodes of otitis media. Taken as a whole, our results suggest that neutrophil responses to Spn are normal in otitis-prone children, and that their heightened susceptibility to otitis media is instead the result of increased incidence of the transient colonization episodes that are a prerequisite for AOM. 11 This is the first study to analyze inflammatory gene transcription and cytokine production along with quantitative measurements of Spn bacterial burden and neutrophil recruitment in the same NP samples. The relationship between Spn and neutrophil-associated inflammation may also hold true for other major pediatric respiratory pathogens such as H. influenzae and M. catarrhalis. The increased incidence of otitis media in the otitis-prone population appears to arise not from defects in neutrophil recruitment or function, but rather from increased colonization by otopathogens as a result of diminished adaptive immune memory. We conclude that neutrophils are contributors to the secretion of inflammatory cytokines during Spn infection, and that Spn bacterial burden is the major driver of neutrophil recruitment and innate inflammatory responses in the NP during asymptomatic colonization, viral URI and AOM.
